Low-Reynolds-Number Wing Novel findings are discussed in this pa per tha t will be especially beneficial to designers a nd modelers of small-scale unmanned air vehicles a nd high-altitude long-endurance vehicles that both operate at low Reynolds numbers (Re = 50,000-300,000). Propeller-induced Oow effects in both tractor and pusher configurations on a recta ngular wing using the Wortmann FX 63-137 airfoil (a common low-Reynolds-number high-lift airfoil) a re presented in this paper . Significant performance benefits can be found for a wing in the tractor configuration. Experiments, including trip tests and upper-s urface oil Dow visualization, show a nd verify that the propeller slipstream induces early transition to turbulent Oow in the regions within the slipstrean1 and the premature fomiation of a separation bubble in the regions outside the slipstream. The result is a reduction of pressure drag and an increase in lift of the wing where lift-to-drag ratios arc as high as 10-1 2 (a maximum of' 70 % increase in lift-to-drag rat io from a clean wing configuration) and are measured at both low and high angles of attack up to s tall (0-16 deg). Simila r performance benefits are n ot observed in pus her configuration results where only increased local Oow velocity and varying inOow a ngle effects are a ppa rent. Thus, contrary to the design rules for optimal performance of wings a t high Reynolds number s, at low Reynolds numbers, a propeller in the tractor configuration exhibits significant performa nce improvements, especially in cruise configura tions Oow angles of attack), as compared with a propeller in the pus her configuration or even a clean wing. propeller rotation rate
lmportant steady-state propeller-wing interaction studies were also pe1fonned by Witkowski et al. [ I 5, 16 ] and Catalano [J 7] . Witkowski et al. [15, 16) showed aerodynamic pe1formance improvements for wings under tractor configuration slipstream conditions. Tests performed on a semispan wing at a Reyno lds number of 470,000 showed typical lift curve slope increases of approximately 5.6% and drag reductions of approximately 65% at maximum propeller power. In addition. the effect of the wing on the aerodynamic characteristics of the propeller was found to be minimal. Catalano [ 17] performed experiments on the effects of propeller-induced flow on the aerodynamics of a Wortmann FX 63-137 wing at Reynolds numbers of 350,000 and 450,000. Both pusher and tractor configurations were tested at varying positions and inclination angles. The results showed that, for tractor configuration cases with in the region of the slipstream, transition occurred close to the leading edge of the wing, whereas for the pusher configuration, transition to turbulent flow was delayed.
The research discussed heretofore deals primarily with Reynolds numbers greater than 350,000. However, currently operntional smallscaled UAV sand high-altitude long-endurance aircraft tend to operate in the light regime (Re = 30.000-300.000) that is primaiily hampered by the adverse low-Reynolds-number effects of the laminar separation bubble. Vehicles operating in th is regime tend to be relatively inefficient (relatively low lift-to-drag ratios) and difficult to predict [18) . In addition, most operational small-scaled UAVs are of low-to-moderate aspect ratios (2 S JR S 7) , and therefore tend to have a s ignificant po1tion of their wing located in the propeller-ind uced flow region. The possible interactions between the three-dimensional wing effects, low-Reynolds-number effects, and the induced flow effects of the propeller in a small-scale UAV make it necessary to warrant further attention into the potential for perfonnance improvements when perfonning propeller-wing integration.
At low Reynolds numbers, the effects of the induced flow of a propeller have been mainly researched experimentally on lowaspect-ratio (JR S 2) micro air vehicles. The Micro Air Vehicle group at the University of Arizona has performed experimental testing of single and contrarotating tractor-mounted propellers on low-aspectratio wings at Reynolds numbers between 50,000 to 100,000 [ 19-22J . The experimental results showed separation delay due to propeller slipstream flow and that, at higher angles of attack, higher lift-to-drag ratio values were observed iJ1 comparison with wing-only results. Flow visualization studies perfo1med by Sudhakaret al. [23] also confirmed the separation delay effects discussed piior.
The limited amount of literatw·e at low Reynolds numbers suggests that there is a need to expand the understanding of propeller-induced flow effects on wings at low Reynolds numbers given that laminar separation bubble effects are critical to wing performance. To accomplish this goal, expeiiments are conducted with a Wortman n FX 63-137 rectangular wing with an aspect ratio of four at Reynolds numbers from 60,000 to 90,000. Experiments are performed using multiple propelJers in both tractor and pusher configurations at various advance ratios. The propellers used va1y in diameter, blade planfo1m, pitch, and number of blades to determine what effects the differences in propellers might have. The wind-tunnel results are also accompanied by trip tests and oil flow visualization results to help better understand the effects observed.
II. Experimental Methodology A. Test Setup
Experiments were conducted at the low turbulence subsonic wind tu nne l located at the Aerodynamic Research Laboratory at the University of Ulinois at Urbana-Champaign, which has an openretum tunnel with a rectangular test section. The test section measures 2.8 x 4.0 ft (0.853 x 1.219 m) in cross section and 8 ft (2.438 m) in length, and it reaches speeds up to 160 mph (7 1.53 m/ s). The turbulence intensity of the wind-tunnel test section is measured to be less than 0.1 % [24] .
The expe1imental sen1p consisted of two main independent components: a three-component platform force balance designated the low Reynolds number force balance (LRN-FB), and the propeller mounting structure as depicted in Fig. I . The LRN-FB measured the aerodynamic loads of only the wing. The LRN-FB was a customdesigned and in-house-fabricated external three-component platform force balance. The design, assembly, and validation of the LRN-FB were described in detail in Refs. [25, 26] .
The propeller mounting structure provided the wing with the specific propeller-induced flow conditions. Shown in Fig. 2 , the propeller mounting structure consists of five main components, nainely, the mounting plates (component A), the square-flange mounts (component B), the vertically placed connecting rods (component C), the horizontally mounted nacelle strut (component D), the motor (component E), and the propeller (component F). The letter labels are provided for each component in the propeller mounting structure to aid in discussions later in this paper. The nacelle strut (component D Phoenix-IQ speed controller connected toa BK Precision 3-15 V (40 A continuous) power supply. The nacelle strut was set horizontally in the tunnel test section using two connecting rods (component C) bolted onto mounting plates (component A) via square-flange mounts (component B). The plates were attached to the UlUC main platform balance, for which the center of rotation was aligned with that of the LRN-FB and the wing quarter-chord, giving the propeller the ability to match its angle of attack with that of the wing during angle-of-attack sweep runs. The propeller mounting structure could be placed in either a tractor or pusher configuration.
A PC with a National Instruments NI PCI-6052E data-acquisition (DAQ) board and Lab VIEW software was used for communication with the wind-tunnel setup. The test section dynamic pressure was measured with a differential pressure transducer connected to static pressure ports in the wind-tunnel inlet and test section. The ambient temperature and pressure were measured with a thermocouple and transducer, respectively, located in the laboratory. Lift, drag, and moment data from the load cells in theLRN-FB were passed through signal conditioners to amplify and filter the signals for the DAQ board. Each run involved taking measurements of the wing for both . increasing and decreasing angles of attack in succession to capture any possible aerodynanlic hysteresis.
For the propeller mounting structure, control of the Medusa motor was done through the PC via a Vexa Controls servo exciter cormected to the speed controller. During a run, the Lab VIEW code adjusted the voltage sent to the servo exciter to achieve a prespecified propeller rotation rate. A red laser with a wavelength of 630-680 nm and a pbototransistor with a rise time of 5 µs was used to measure the rotation rate of the propeller. The laser was placed outside the test section and directed to pass through the propeller disk area to the phototransistor located on the opposing side of the test section. The output from the phototransistor was amplified so that the maximum voltage, when the laser shined on the phototransistor, was over 2 V. When spinning, the propeller blades blocked the laser beam, and the output voltage dropped to around zero. The voltage from the system was measured at 40,000 Hz and capped at 2 V to produce a square wave. The rotation rate was calculated by dividing the number of voltage peaks by the sample time and by the number of propeller blades. The phototransistor rise time and the sample rate have been more than sufficient in finding the typical rotation rates for the propellers tested. Rotation rates found from this system have been compared to results from a handheld digital tachometer, and the results agreed. During a run , the entire data-acquisition process was automated. The data were co.rrected for three-dimensional tunnel effect~ according to the methods outlined in [27] . Note that the corrections performed did not account for the propeller mounting structure. The relative uncertainties of the lift, drag, and momen t coefficients were ca. lculated to be 3.3, 2.7, and 4.6%, respectively, using the methods introduced by Kline and McClintock [28) and ft111her discussed by Coleman and Steel [29] . Further details regarding uncertainty quantification of the LRN-FB can be found in Ref. (25] .
B. Wing
All experiments were performed with a rectangular wing us ing the Wortmann FX 63-137 airfoil. The Wortmann wing had an aspect ratio quar1er-chord of the airfoi l. Given that the Wonmann wing was cambered, the rotation axis was located 0.17 in. ( 4.44 mm) above the chord l.ine of the wing.
The Wortmann FX 63-137 airfoil was chosen because it was a high l.ift airfoil and had been widely tested in many wind-tunnel facilities. The Wortmano airfoil also exhibited characteristics inherent for low-Reynolds-number airfoils/wings operating close to the critical Reynolds number, such as laminar separation, the formation of the laminar separation bubble, prestall hysteresis, and poslStall hysteresis. Some of these characteristics are evident in Fig. 4 , which shows a photograph of fluorescent oil flow over the upper surface of the Wortmann wing at a = 9 deg and Re = 90.000. The photograph clearly shows flow characteristics such as the laminar flow, laminar separation bubble, and turbulent flow regions. Wing vortex-induced separation is also observed in the region of the wingtips. This fluorescent oil flow visualization technique will also be employed to describe key flow features capnrred later in this paper. The techn.ique involves first applying a smooth layer of matte black Ultracote Plus® on the upper and lower surfaces of the wing. A mixture of Tracer TP3400060 I UV fluorescent leak detection die and standard mineral oil is then applied using an airbrush as a thin layer on the wing upper surface. The mineral oil used ensures that the dye mix has enough viscosity to be minimally affected by the influences of gravity. More details of the fluorescent oil flow visualization technique used can be found in Ref. l25].
C. PropeUers
A total of 10 right-hand propellers ranging in diameter from 3 to 5 in. (76.2 to 127 mm) in both tractor and pusher configurations were tested. These propellers varied in diameter, blade planfonn, pitch, and number of blades to detennine how differences in propeller geometry might affect the perfom1ance of the wing. The number of blades, the diameter, and the pitch for each propeller are listed in Table 1 . The perfo1mance data for the propellers were gathered using a wind-tunnel testing rig designed to measure propeller thrust and torque. Jnformation on the testing rig and the performance data forthe propellers can be found in the works of Deters et al. [31 ,32] and Brandt [33) . The relative uncer1ainties of the Cr and Cp data were calculated to be 0.64 and 0.52%, respectively.
Typical propeller performance results are shown in Fig. 5 The propellers were centered on the wing along the span (see Fig. 2 ) and located 0.17 mm above the wing chord with a zero incidence angle to the wing chord line. Measurements were taken with the origin located on the wing rotation axis (LRN-FB centerline) as shown in Figs. 6a and 6b. The X axis of the measurement system was defined as being para! lei to the chord line of the wing with the oiigin at the rotation axis of the wing. The Z axis of the measurement system was perpendicular to the X axis of the wing. Propeller location measurements were normalized by the diameterofthe propeller tested and measured from the wing leading edge for the tractor configuration (see Fig. 6a ) or the trailing edge for the pusher configuration [see Fig. 6b ]. To aid in the presentation of results later in the paper, the two different propeller locations tested are tabulated in [25, 35) . Data were taken from anangleof attack of -15 to 25 deg for increasing and then decreasing angles of attack to capture possible aerodynamic hysteresis. The results were taken using the LRN-FB with no propeller mounting structure.
The low Clm., seen in Fig. 7 for Reynolds numbers of 80,000 and below is a result of the lami nar boundary layer separating and not reattaching onto the wing surface, thereby fonning what can be termed as a long laminar separation bubble [36, 37) . Initially, as the angle of attack increases, the airfoil follows a typicaJ linear lift curve slope. Jn the midlift range, however, as the angle of attack increases. the drag increases dramatically with a concun-ent flatten ing of the lift curve. The separated laminar boundary or shear layer has insufiic ient energy to fonn a short laminar separation bubble. A sho1t laminar separation bubble fom1s when the separated laminar shear layer transitions to turbulent flow and reattaches to the wing. The flow downstream of the short separation bubble is then turbulent. The short laminar separation bubble forms between the Reynolds numbers of 80,000 and 90,000 for the Wortmann wing. The short bubble fo1mation and consequent turbulent flow region results in the airfoil moving from a sta lled state to being unstalled. An increase in lift and a reduction of drag are then observed, thereby leading to a jump in the lift-to-drag ratio as shown in Fig. 8 for a Reynolds number of 90,000 over the ang le-of-attack range from 8 to 18 deg. At a Reynolds number of 90,000, both prestaU and poststall hysteres is loops are observed. Prestall hysteresis or long bubble hysteresis, as di scussed in Refs. [37 ,38) , is a type oflift hysteresis that is caused initially by the formation of a long lamiJ1ar separation bubble with an increasing angle of attack. As the angle of attack further increases, the long bubble collapses to form a short laminar separation bubble over the wing. The short bubble fonnation y ields a j ump in the lift of the wing, a drop in drag, and a cotTesponding increase in the lift-to-drag ratio (see Fig. 8 ). The effect of bubble fo1mation is also captured in the moment data (see Fig. 7 ). With decreasing angles of attack, however, the refonnation of the long separation bubble occurs at a lower 311gle of attack as compared to its collapse, therefore creating a hysteresis loop. To date, as far as the authors are aware, prestaJl hysteresis has not been captured in the Literature for FX 63-137 wings and has been rarely observed on airfoils [37, 39, 40) . Although repe.atedJy reproduced, prestall hysteresis only occurred at the Reynolds number of 90,000 that was tested for the Wortmann wing. No prestall hysteres is was observed at Reynolds numbers of 80,000 and I 00,000. Poststall hysteresis is observed and repeatedly reproduced at Reynolds numbers of90,000 and I 00,000. Poststall hysteresis occurs when the short laminar separation bubble on the wing upper surface bursts and flow separation occurs, resulting in a large loss of lift. As the angle of attack then decreases, the short laminar separation bubble reattaches at an angle of attack lower than that for which the burst occmTed, thereby creating the hysteresis loop.
Results from Fig. 8 show that, at Reynolds numbers higher than 90,000, there exists a large angle-of-attack range (a = -I to 13 deg)
for which high Lift-to-drag ratios (Ci/Co > 7.5) are achieved. 
tt (deg) Fig. 8 Lift-to-drag ratio as a function of angle of attack for a Wortmann FX 63-137 wing with an JR of four.
Another conclusion from the pe1formance resul ts is that the stall angle of attack is observed to increase with an increase in Rey nolds number. Also, it is important to note the decrease in the zero-lift angle of attack (more negative) with increasing Reynolds number. This trend is similar to that discussed by Bastedo and Mueller (41] .
Surface o il now visual ization was pe1fonned at a number of ang les of attack to further understand the interesting flow phenomena on the Wortrnann wing at a Reynolds number of 90,000. Figures 9a-9h show photographs of the upper surface of the Wo11mann wing at these d ifferent angles of attack. Laminar now accompanied by a now separation or a long separation bubble is seen at angles ofattack of-2 and 7 deg. The bubble moves toward the leading edge of the wing with an increasingangleofattack. Forbothoftheseanglesof attack, it can also be observed that the turbulent flow has not fully developed overthe aft section of the wing. At an angle ofattack of 9 deg, the long bubble "collapses" into a short separation bubble. Fully developed turbulent flow is al so seen at the trai ling edge of the wing. It can be concluded that, because the short separation bubble forms, the jump in the Lift for the wing has prematurely occurred, and the prestall hysteresis stage (seen in Figs. 7 and 8 for Re = 90. 000) is bypassed.
Given that prestall hysteresis is repeatedly captured both before and after surface oil flow visualization tests are performed, it is posited that the thickness and skin-friction changes on the upper surface of the wing due to the use of Ultracote Plus and the fluorescent oil may have affected the conditions necessary for prestall hysteresis to occur.
The sho11 separation bubble is seen to fu1ther move toward the leading edge and reduce in length at an angle of attack of 12 . ' . ' . ' . . . . 
. ' .. . ' . ' ' . ' . ' . ' . , ' , ' . rest of the wing at a Reynolds number of 80,000. The performance data in Fig. I 0c show that the turbu lent flow and separation bubble region are caused by the strut only (T) configu ration. From these observations, it can be concluded that the effect of the strut only (T) configuration is such that the separated flow from the setup induces the formation of a separation bubble on the Wo.nmann wing at lower Reynolds numbers than that of the clean or pusher configuration. Note that these effects will change once a rotating propeller is introduced and located between the strut and the wing. In the pusher configuration (strut only (P)], the nacelle strut is located aft of the wing, so the minimal effects observed between the clean and strut onl y (P) perfonnance data in Fig. I Oa-1 Od may be attributed to windtunnel blockage effects.
C. PropeUer-lnduced Flow Exper im ents Al.I propeller-induced flow experiments were conducted between the wing chord Reynolds numbers of 60,000 to 90,000. A maximwn Reynolds numberof90,000 was chosen because that was the Rey nolds number at which the propellers were in a brake state (negative C.,.) at the maximum propeller rotation rates Q tested. The most significant effects were observed in the lift and drag curves of the Wortmann wing. These effects will be discussed in the following subsections. 
. The lift, drag, and lift-to-drag ratio curves as a function of angle of attack for the Wortmann wing and propeller in the tractor configuration are shown fora wing chord Reynolds numberof60,000 in Figs. 12-14. Tbe advance ratio sweeps performed are shown speci.fically for the GWS 5 x 4.3 and GWS 3 x 3 propellers. As noted in Table I, 2 mm) . To aid in the d iscussion, the rotation rates, the con-esponding advance ratios, and the con-esponding induced velocities for both propellers are tabulated in Table 3 . The induced velocities presented are calculated using momentum theory from ava ilable propeller Cr data taken in Refs. (3 l ,32j. Induced velocities left blank in Table 3 mean that no Cr data are mea~ured at those conditions. The choice of rotation rates tested is based on the avaiJability of propeller performance data and the capabilities of the motor. In addition, another goal is to include rotation rates for which zero or negative i.nduced flow velocities are produced.
The clean and stn1t-only l.ift (Fig. 12) , drag (Fig. 13) , and lift-to-drag ratio (Fig. 14) curves show pe1 fomiance results indicative of a long (Fig. 12a) immediately show a jump in Lift for all propeller-on conditions. Interestingly. for the GWS 3 x 3 case (Fig. I 2b) , the lift curve ini tially has characteristics indicative of a long lam inar separation bubble (at a~ 10 deg). propeller as compared to the GWS 5 x 4.3 resultS and can be attributed to the increa~ed dynam ic pressure and local angle-of-attack changes caused by the higher induced velocities over the center portion or the wing. In addition, the size of the hysteresis loop decreases at lower advance ratios. Stall occurs from the bw-sting of the bubble, and the lift performance of the wing drops close to the stalled clean and strut-only wing perfonnance results. The key thing to note here is that, for both propellers (pri mari ly GWS 5 x 4.3), despite the low or even negative induced velocities produced (see Table 3 ), a substantial increase in lift is observed from the clean configuration. Drag results for the GWS 5 x4.3 propeller (Fig. 13a) show a pronounced reduction in drag at most angles of attack (-2 to 18 deg) with a decreasing advance ratio. A similar magnitude reduction in a ) b) drag is not observed for the GWS 3 x 3 propeller (Fig . I 3b) . These observations are further reinforced by the Cd C 0 curves presented in Figs. I 4a and I 4b. The GWS 5 x 4.3 results (Fig. I 4a) show a significant increase in the lift-to-drag ratio (a maximum of 70% increase is observed as compared with the clean configw·ation) at most angles of attack before stall. A smaller increase in lift-to-drag ratio is observed for the GWS 3 x 3 propeller case (Fig. 14b) . Only at hi gh angles of attack is there a jump in lift-to-drag ratio observed, con-esponding the jump in lift shown in Fig. l2b .
Upper-surface oil now visualization results (Figs. I 5a-15c ) are used to show the effects of the GWS 5 x 4.3 propeUer on the flow over the Wortmann wing at a Reynolds number of 60,000. Figure l 5a shows the Wortmann wing in the stn11-only configuration at an angle of attack of 9 deg. Lam.i nar flow separation and no reattachment (long laminar separation bubble) are observed on the wing at the 15-20% chord location based on the oil accumulation lines. At the same angle of attack (9 deg), the slipstream from the GWS 5 x 4.3 propeller rotating at 7000 rpm (J = 0.7) in the tractor configuration (Fig. I 5b) creates a region of lllrbulent flow roughly the size of the propeller [5 in. (127 mm)] on the upper surface of the wing. In addition, the slipstream also induces the formation of a laminar separation bubble between 30 and 65% chord in the regions outside the propeller slipstream. As the angle of attack increases to 14 deg (Fig. l5c) , the turbulent slipstream region is maintained but the separation bubble moves toward the leading edge of the wing and sho1tens.
To fu1ther understand the effects of the propeller slipstream in inducing turbulent flow over the Wonmann wing, experiments were perfonned where trips that were the span of the GWS 5 x 4.3 [5 in. propeller-on effects on wing performance, an increase in dynamic pressure, and a change in the local angle of attack along the wing (especially at high ang les of attack), thereby causing separation delay and higher CLm.,. val ues. For the low Q cases tested where induced flow velocities are low or negative, no increased dynamic pressure is observed. In addition, given that the incidence angle between the propeller and wing is fixed at 0 deg, at the low angles of attack tested (-5 to 5 deg), the effects of a propeller in affecting the local angle of attack on the wing are minimal (swirl effects cancel out for a centered propeller). Despite the removal of these two key effects, significant augmentations in the lift-to-d rag ratio are observed (up to a 70% increase from the clean configuration). Lt therefore can be concluded that the effect of a propeller in the tractor configuration is significant at low Reynolds numbers. The induced flow due to the propeller induces trans ition to turbulent flow over the center of the wing (see tlow visualization results in Fig. 15) . The propeller slipstream a lso induces the fonnation of a short laminar separation bubble outs ide this reg ion, thereby contributing toward the s ignificant augmentation of the lift-to-drag ratio, most importantly at low angles of attack. The reduction in observed drag is from the pressure (form) drag reduction of going from a long lan1inar separation bubble to a short laminar separation bubble. In addition, it has to be noted that the mechanism can be highly dependent on the advance ratio, the number of blades, and the diameter because transition is promoted by the helicoidal propeller wake passing over the wing surface. The lift-to-drag ratio augmentation effect seems to also be strongly dependent on the ratio of the propeller diameter to the wingspan. As the advance ratio decreases (increased induced flow velocities) for the propellers, the add itional lift-to-drag and lift aug mentations observed can be attributed to the effects of increased dynamic pressure and the change in the local angle of attack.
Effect of Propeller Advance Ratio: Pusher Co11figura1io11
Similar to the tractor configuration case, the lift, drag, and lift-to-drag At low advanced ratios (J = 0.70 and J = 0.6 1 for GWS 5 x 4 .3; J = 0.68 for GWS 3 x 3) and at ang les of attack from 12 to 18 deg, wing performance results indicate the formation of a short separation bubble Ownp in l.ift (Fig. 18); drop in drag (Fi g. 19) ;jump in lift-to -drag ratio (Fig. 20)] . The delayed fonnation of the short separation bubble compared w ith the tractor configuration can be explained by the fact that the propeller is not inducing turbulent flow over the wing. lnstead, only the local flow speed (dynamic pressure) is increased and the local angle of attack over the wing i s affected. Therefore, the augmentation of the lift-to-drag ratio observed in the tractor configuration result~ for low angles of attack is not evident for the pusher configuration results (see Figs. 20a and 20b) . At higher angles of attack and low advance ratios, however. the movement of the laminar separation point toward the leading edge with increasing angles of attack and the increased local flow velocity allow for the flow to transition and reattach on the wing to fotm a short laminar separation bubble, thereby augmenting the lift-to-drag ratios to match those in the tractor configuration.
From the aerodynamic performance results, the propeller diameter-towingspan ratio is significant in affecting the flow over the wing.
A jump in lift-to-drag ratio is only observed in the case of an advance ratio of 0.68 for the GWS 3 x 3 propeller (Fig. 20b) ; whereas for the GWS 5 x 4 .3 propeller, the same effect occurs at propeller advance ratios of0.70 and 0.61.
Reynolds Number Effects
To exhibit the relationship of the Reyno lds number on the performance of the Wortmann wing for a fixed propeller rotation rate, the lift-to-drag ratio curves of the GWS 5 x 4.3 (8000 rpm) and GWS 3 x 3 ( 12,000 rpm) propellers in the tractor and pusher configurations at Reynolds numbers between 60,000 and 90,000 are presented in in w) . For all Reynolds numbers tested. the tractor configuration results ex hibit the wing's ability to reach higher lift-to-drag ratios, even at low angles of attack. In addition, even with the separation bubble already attached in the clean con.figuration like the Reynolds number Re of90,000 case, the tractor configuration propeller resul ts in a higher lift-to-drag ratio for the wing as compared with the pusher configuration. This increase is tme despite the GWS 5 x 4.3 propeller operating in the windmill-brake state because J is larger than 0.8. shows bubble formation at a higher angle of attack as compared with the GWS 4 x 4 and GWS 5 x 4.3 propellers. Similarly, for the GWS 4 x 4, the formation of the separation bubble occurs at a b.igher angle of attack as compared with tl1e GWS 5 x 4 .3 propeller. The drag drop (see Fig. 24b ) observed at higher angles of attack also only occurs for the two larger-diameter propellers and is not evident for the GWS 3 x 3 propeller.
Co11s10111 T /A Comparison

IV. Conclusions
A review of the literature suggested that, in the low-Reynoldsnumber (30,000 to 80.000) low-to moderate-aspect-ratio wing (2 ~JR~ 5) regime, there was a lack of data that related to the effect of the induced flow of a propelJer on the performance of a wing. A majority of the smaJJ-scaled fixed-wing UAVs operated with a s ignificant portion of their wing located in the slipstream of the propeller. Therefore, an experimental setup was created that allowed for different parameters related to the propeller location (tractor or pusher) and advance ratio J with respect to the wing to be tested easi ly.
The experiments presented in the paper were done using the Wortmann FX 63-137 rectangular wing with an aspect ratio of four and multiple 3, 4, and 5 in. (76.2, 101.6, and 127 mm) diameter propellers in the pusher and tractor configurations. Results were presented for the effects of varying the propeller advance ratio, varying the wing chordwise Reynolds number, and the constant propeller T /A. An important conclusion that was drawn from the results obtained was that a large performance benefit (Ci.JC 0 ) was found for the Wo11mann wing under propeller slipstream conditions (tractor configuration). From oil flow visualization results, it was observed that the induced flow due to the propeJJercreated a region of fully turbulent flow on the central po1tion of the wing and induced the fomiation of the separation bubble over the rest of the wing at lower chordwise Reynolds numbers. In addition to a local flow velocity (dynamic pressure) increase and change in the local angle of attack, the region of turbulent flow attenuated the pressure drag and increased the lift of the wing at angles of attack up to stall In essence, the induced flow due to the propeller acted as a trip that most importantly worked at both low angles of attack and when tl1e propelier was in a brake state (w = 0). Significant performance benefits were not observed for the propeller in the pusher configuration, however. In the pusher configuration, the induced flow due to the propeller increased Ille local freestream velocity and decreased the local angle of attack over the wing, thereby delaying the lam inar separation point. Lastly, in the tractor configuration, with a constant induced flow setting, wing performance was minimaJJy affected by the number of propeJJer blades and the blade pitch. What was important, though, was the diameter of the propeller. Larger-diameter propellers exhibited significant wing perfom1ance (lift-to-drag ratio) benefitS as compared with smaller-diameter propellers.
The results presented in this paper show that the perfo1mance of a low-Reynolds-number wing with a propeller in the tractor configuration produces as much a 70% increase in the lift-to-drag ratio from the clean configuration. These benefits are not observed for the propeller in the pusher configuration. The benefits found from the experiments perfom1ed on the Wortmann wing can be translated to improved sma ll-scale and high-altitude long-endurance UAV perfonnance at most flight conditions (takeoff, cniise, and landing).
